Starch metabolizing enzyme
Three fractions were examined: crude extract (CE), fraction #20 (F20), and the flow-through (FT). A) BE activities were detected by incubating the native gel with G-l-P and phosphorylase a, then staining the gel with I2/KI. Endogenous phosphorylase (phos.) activity is indicated. B) Starch modifying activities were visualized after transfer of the separated proteins to a gel containing 0.3% starch, then staining the gel with 12/Kl. Corresponding labels indicate colored bands that co-migrate with BE activities. C) Specific BE activities were identified by immunoblot analysis of replicate native gels using polyclonal antibodies against BEIIa or BEIIb.
proteins (Fig. 1B) . This analysis showed that some starch metabolizing activities co-fractionated, while others were widely distributed, according to net charge. For example, four red-staining bands eluted from the column as a group in the flow-through fraction, and three blue-staining bands Characterization of BE activities. To begin to correlate starch branching enzyme activities with specific BE gene products, proteins from developing endosperm of maize plants homozygous for one of three different BE mutations were compared to wild type proteins (Fig. 2) . This analysis led to the deduction that the four bright red bands missing in sbel mutant endosperm represent different migratory forms of BEI. Similar interpretation indicates that BEIIa is represented by a prominent sharp pink band in the center of the gel, as well as by several faster migrating faint pink bands. The BEIIb isoform is predicted to be the single broad, light pink band that migrates slightly ahead of the most prominent BEIIa band. This analysis also suggests that the ae mutation, which conditions a loss of BEIIb, results in a pleiotropic loss of activity for two putative BEI migratory forms.
To confirm these predictions, proteins from wild type and BE mutant endosperms were subjected to 2-D zymogram analysis. MonoQ fractions were loaded onto a BE activity gel, in which branching enzyme activity was assayed directly in the gel via the phosphorylase a stimulation method"' (Fig. 3A) . The activity gel reveals at least 8 migratory forms for BE activities, although only three genes encoding BEs are known. This supports the genetic analysis that suggests individual BEs have multiple migration forms (Fig. 2) .
Starch zymogram analysis of the BE activity gel indicates that the four activity bands in the flow-through (FT) fraction correspond to the four bright red bands visualized in the zymogram (Fig. 3B) . These bands are absent in the FT fraction of sbel mutant extracts (Fig. 4) , and thus are believed to represent distinct migration forms of BEI. To correlate specific starch metabolic enzymes in activity gels with specific polypeptides, immunoblot analysis of replicate native gels was performed. Hybridization with anti-BEIIa and anti-BEIIb antibodies signal responses only with proteins from fraction 10, but not with proteins in the FT, indicating that the BE activities in the FT do not involve BEII proteins (Fig. 3C) . These immunoblots also demonstrate that the centrally located upper and lower activity bands in MonoQ fraction 20 correspond to BEIIa and BEIIb, respectively. 2-D zymogram analysis of endosperm proteins from the BE mutants provide support for the above conclusions, as well as further evidence that the ae mutation conditions a pleiotropic loss of two BEI migratory forms (Fig. 4) .
Characterization of DBE activities. Genetic analysis also was employed to identify the isoamylase-type DBE activities in the wild type 2-D zymogram (Fig. 1B) . MonoQ fractions 31 and 32, in which three blue-staining bands co-fractionated as a group, were compared to corresponding fractions from endosperm tissue homozygous for sul-Ref and sul-4582 mutations The solid arrow indicates a missing band in the mutant and the dashed arrow indicates a shifted band. Proteins from crude extract (CE) and from MonoQ fraction #22 (F22) were separated by native-PAGE, then transferred overnight to a native gel containing starch (Sta), amylopectin (Ap), amylase (Am), glycogen (Gly), ,4-limit dextrin (/3-LD) or azure pullulan (Put). After incubation, Sta, Ap, Am, Gly, and i3-LD gels were stained with an iodine solution. Arrow I shows the position of the unknown hydrolytic enzyme. Arrows 2 and 3 show the positions of a-amylase and i3-amylase activities, respectively. ( Fig. 5) . The sul-4582 allele conditions a null mutation and sul-Ref results in loss of functional SU1 protein.'°°37 Thus, endosperm extracts from these alleles lack SUI isoamylase-type DBE activity. 2-D zymogram analysis of these fraction proteins shows all three blue bands are missing in both mutant extracts, indicating they represent three distinct migratory forms of SU1.
One-and 2-D starch zymogram analyses of DBE mutants reveal pleiotropic effects of specific sugary] (sul ) and zpul mutations (Fig. 6 ). For example, the sul-starchy (sul-st) mutation results in a loss of BEIla activity that is not seen in the more severe sul-4582 and sul-Ref mutants (Fig. 6A) . The zpul-204 mutation also conditions a pleiotropic loss of BEIIa activity as well as a reduction in ,3-amylase activity and a shift in i3-amylase migration (Fig. 6B) . These enzymatic changes in zpul-204 plants are in addition to the complete loss of pullulanase-type DBE activity that results directly from the mutation (Fig. 6C) . It is clear that the loss of BEIIa activity in both sul-st and zpu]-204 kernels does not stem from loss of the BEIIa protein, as seen in the immunoblot in Fig. 6D . Thus, the sul-st and zpul-204 mutations must exert their effects on BEIIa only at the level of enzyme functionality. This suggests the likelihood that direct or indirect associations occur between BElla and each DBE. The fact that BEIIa is active in extracts from su1-4582 and sul -Ref kernels signifies that activity is based on something other than the presence of the SU1 protein. Because the sul-st mutation is known to result in alternative splicing events that produce altered primary SU 1 sequences,32' BEIIa activity may depend on a particular conformation of SU1 . (Fig. 7) . Identification of missing bands was established via biochemical assays for both a-amylase and /3-amylase activities in wild type and mutant extracts, which showed reduced /9-amylase activity in o5-Ref endosperm (Table 1) .
The zymogram and enzyme analyses indicate that the o5 gene product is required for normal /3-amylase activity in developing maize endosperm. Accordingly, o5 could be the structural gene for an endosperm-expressed /9-amylase. It also is possible that the o5 gene product could physically interact with an endosperm-expressedamylase such that the loss of 05 protein would reduce /-amylase activity. Alternatively, 05 could be a more generalized regulator of /3-amylase activity, exerting an upstream effect on /3-amylase expression at the transcriptional or post-transcriptional levels.
Characterization of a novel starch hydrolytic enzyme. An unknown starch metabolizing enzyme activity was identified in 2-D zymograms of wild type and mutant enlosperm proteins from MonoQ fractions # 21-23 (Fig. 8 , lenoted by arrow 1; also seen in Figs. 1 and 4) . This activity band is pale pink to white in color and consistently ~o-fractionates with BEIIa activity, although it is still pre-;ent in sbe2a mutant extracts (Fig. 4) . To further characterize this activity, proteins in MonoQ fraction #22 from wild type endosperm were separated by native PAGE, :hen transferred to native gels containing different glucan Dolymers. After staining with I2/KI, it is apparent that the anknown activity readily hydrolyzes starch, Ap, and the 8-limit dextrin of Ap (Fig. 8) . To a lesser extent, the entyme also hydrolyzes Am and glycogen. However, there s no apparent hydrolytic activity of this enzyme toward ~ullulan.
Proteins from MonoQ fraction 22 were further purified )y GPC on a Sephacryl 5300 column. Zymogram analysis )f the 5300 fraction proteins revealed that the unknown activity separates from BEIIa activity (data not shown). This partially purified protein, free from other starch metabolizing activities, was incubated with Ap, and the resulting hydrolysis products were separated by fluorophoreassisted carbohydrate electrophoresis (FACE).35' This analysis revealed that maltose is the only linear hydrolysis product (data not shown). This result suggests that the unknown enzymatic activity could be /3-amylolytic in nature, sequentially cleaving two glucosyl units from the non-reducing ends of each linear chain. However, in contrast to /9-amylase (Fig. 8, arrow 3) , this activity is able to hydrolyze the /'-LD. Thus, the unknown enzyme apparently is both maltogenic and endo-hydrolytic. Some bacterial amylases are known to be capable of hydrolyzing different glucan polymers to maltose.42' But contrary to the unknown maize enzyme, which has no activity toward pullulan (Fig. 8) , these amylases typically hydrolyze pullulan to panose. Further experiments are underway to define this enzymatic activity.
CONCLUSION
Native PAGE activity gel analysis (i. e ., zymogram analysis) effectively identified distinct enzymatically active migration forms for the maize BE and DBE enzyme isoforms. In addition, several pleiotropic enzymatic effects that result from BE and DBE mutations were identified. These are post-translational effects that singularly affect enzyme functionality, suggesting that protein-protein interactions are altered or disrupted. Starch zymograms also were employed to investigate an uncharacterized maize mutation. Mutant o5 kernels were nearly devoid ofamylase activity at mid-development, providing a clue to the biochemical nature of the o5 defect. Finally, a novel starch hydrolyzing enzymatic activity was discovered and a preliminary characterization indicates that it is maltogenic in nature.
